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d’ImmunoGénétique Moléculaire (LIGM), Université Montpellier II, UPR CNRS 1142, Institut de Génétique

Humaine (IGH), Montpellier, France, and Institut Universitaire de France, Paris, France3

Received 28 September 2004/Returned for modification 18 November 2004/Accepted 24 May 2005

Human anthrax infection cannot always be treated successfully by antibiotics, as highlighted by recent
bioterrorist attacks; thus, adjunct therapies are clearly needed for the future. There is a particular need to
further develop adjunct therapies that can neutralize secreted toxins, such as antibodies directed towards the
83-kDa protective antigen (PA83). In the absence of human donors, we immunized a macaque (Macaca
fascicularis) with PA83 to obtain such antibodies suitable as an adjunct therapy for human anthrax infection.
By using bone marrow as a template, we PCR amplified specific Fab-encoding genes and cloned them as an
immune library (107 clones). We isolated a high-affinity (equilibrium dissociation constant [KD], 3.4 nM),
highly neutralizing (50% inhibitory concentration, 5.6 � 0.13 nM) Fab (designated 35PA83) from this library
by panning. Its epitope was localized by Pepscan analysis between residues 686 and 694 of PA83 and is part of
the region which directly interacts with the cell receptor. 35PA83 may thus neutralize the anthrax toxin by
competing directly for its receptor. The genes encoding 35PA83 were similar to those of a human immuno-
globulin germ line and were assigned to subgroups of human V, (D), or J genes by IMGT/V-QUEST analysis.
The 35PA83 framework regions were 92% identical to a representative allele of each subgroup. When compared
to framework regions coded by related human germ line genes, only 2 of 74 (VH) or 75 (VK) analyzed amino
acids of 35PA83 have different chemical characteristics. A very high degree of identity with human framework
regions makes 35PA83 well suited for expression as a whole primatized immunoglobulin G and demonstrates
the practicality of using macaque Fabs when immunized human plasma cell donors are not available.

Bacillus anthracis, the causative agent of anthrax, produces a
toxin related to the classic A-B family, which plays a major role
in disease pathogenesis. The 83-kDa protective antigen (PA83)
is the common cell-binding domain (38) that, after proteolytic
activation, can interact with two enzymatically active domains
that elicit cell damage, the edema factor (EF; 89 kDa) and
lethal factor (LF; 90 kDa). LF is a metalloproteinase specific
for mitogen-activated protein kinase kinases. EF is a calmod-
ulin-dependent adenylate cyclase that causes dramatic in-
creases in the intracellular concentration of cAMP. These pro-
teins are secreted by the bacterium as nontoxic monomers and
assemble on the surface of receptor-bearing cells to form toxic
complexes. After binding to its cellular receptor (4, 30, 44),
PA83 is cleaved by a furin-like cellular protease(s) (34), causing
the release of an amino-terminal 20-kDa fragment and leaving
the carboxy-terminal 63-kDa moiety (PA63) bound to its re-
ceptor. PA63 then spontaneously oligomerizes to form a ring-
shaped homoheptamer that binds LF and/or EF (38) to form

the lethal toxin and/or the edema toxin, respectively. Heptam-
ers are internalized by acidic endosomes, and then EF and LF
are translocated into the cytosol (32).

This pathogenesis and the prophylactic/therapeutic ap-
proaches used to treat anthrax are subjects of great interest
due to concerns over intentional or inadvertent exposure to
aerosols of Bacillus anthracis spores (47). Five of the 11 pa-
tients that inhaled anthrax spores sent intentionally through
the United States postal system in 2001 died, despite receiving
powerful antibiotic therapy. This confirmed that antibiotics are
unable to prevent a fatal outcome in humans once the disease
has reached a phase involving toxin production (16). Hence, an
adjunct treatment is needed to inactivate the toxins, and this
may be achieved by passive immunization with toxin-specific
antibodies. This concept was recently tested by Karginov et al.
in a mouse model and proved effective (17). In addition, mono-
clonal antibodies (27, 28) and polyclonal antibodies (Ab) (26)
alone can confer passive protection against anthrax toxin in
rats and anthrax infection in guinea pigs, respectively. These
results emphasize the importance of antibodies directed
against PA.

Primate antibodies are more similar in sequence to human,
versus murine, antibodies and they are less likely to be immu-
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nogenic in humans (25, 36). The V-domains of antibodies of
nonhuman primate origin can be fused to the constant regions
of human immunoglobulin Gs (IgGs) to produce primatized
Ab suitable for clinical use. Three primatized Ab directed
against human antigens (IDEC C9.1, IDEC 114, and IDEC
151, directed against CD4, CD80, and CD53, respectively) are
currently undergoing clinical trials (Biogen Idec, Inc., Cam-
bridge, MA), and preliminary results show no human anti-
primate antibody response (5, 13). Thus, the selection of pri-
mate Fab by use of phage display, to be followed by the
expression of their variable domains in fusion with constant
human domains, could be a valid way of obtaining high-affinity
antibodies that neutralize the anthrax toxin and are deemed
suitable for medical use. However, this approach has rarely
been described in detail (3).

Here, we immunized a macaque with PA83 and subsequently
constructed a Fab library from bone marrow. Screening led to
the isolation of a high-affinity macaque Fab that neutralizes the
anthrax toxin. Due to its similarity with human antibody coun-
terparts, this Fab should be suitable for clinical purposes.
Therefore, utilizing nonhuman primate plasma cells and the
phage display method is suitable for the production of antimi-
crobial/anti-toxin reagents, in particular when no human
plasma cell donors are available.

MATERIALS AND METHODS

Animal experiments. A cynomolgus macaque (Macaca fascicularis) was sub-
cutaneously injected with 200 �g of recombinant PA83 (France Biochem, Meu-
don, France) in complete Freund’s adjuvant (Sigma, St. Louis, MO). This was
followed by three additional boosts (each of 200 �g in incomplete Freund’s
adjuvant) given at 2-month intervals. The bone marrow was sampled each week
after the first week, at different sites and under general anesthesia (Imalgene;
Merial, Lyon, France), using a protocol approved by the local ethics committee
for animal care.

Analysis of the macaque immune response. PA83 was diluted to 5.0 �g ml�1

in phosphate-buffered saline (PBS) to coat microtiter plates (Maxisorp; Nunc,
Rosewald, Denmark) overnight at 4°C. Plates were blocked with 5% (wt/vol)
skim milk-PBS for 1 h at 37°C, and then washed five times with 0.1% Tween
20-PBS. Serial dilutions of serum (in 3% skim milk-PBS) were placed in the wells
and incubated for 2 h at 37°C. After the washing step, peroxidase conjugated to
anti-monkey Fab IgG (Tebu, Le Perray, France) was diluted 1/1,000 in 3% skim
milk-0.05% Tween 20-PBS, and 100 �l was then incubated in each well for 1 h
at 37°C. After washing, ABTS [2,2�-azinobis(3-ethylbenzthiazolinesulfonic acid)]
substrate (Roche, Meylan, France) was added, and the absorbance was read at
405 nm.

Construction and screening of �1/� antibody phage library. Total bone mar-
row RNA was extracted using Tri Reagent (Molecular Research Center, Inc.,
Cincinnati, OH) according to the manufacturer’s instructions. The library was
then constructed with the phagemid vector pComb3X and screened, and then
phage-enzyme-linked immunosorbent assay (ELISA) was performed as previ-
ously described (2, 3).

Fab production, periplasmic extraction, and purification. Phagemid DNA
isolated after the panning process was used to transform the nonsuppressor
Escherichia coli strain HB2151 (6) such that it expressed the soluble Fab frag-
ment. Single colonies of randomly chosen transformants were used to inoculate
5 ml of Super Broth (SB) (32 g peptone [Sigma], 20 g yeast extract, 5 g NaCl, 5
ml NaOH [1 M] for 1 liter SB) medium supplemented with carbenicillin (50 �g
· ml�1) and 1% glucose. Cultures were incubated overnight at 37°C with vigorous
shaking (250 rpm). We then inoculated 500 ml of SB medium supplemented with
carbenicillin and 0.1% glucose with 500 �l of each culture. The cultures were
grown at 30°C until the optical density at 600 nm reached 1.5. IPTG (isopropyl-
�-D-thiogalactopyranoside; 1 mM) was then added overnight to induce gene
expression at 22°C. The cells were harvested by centrifugation at 2,500 � g for 15
min at 4°C. Fabs were extracted with polymyxin B sulfate (40) and purified on a
nickel column (Ni-NTA spin column; QIAGEN, Valencia, CA) according to the
manufacturer’s instructions.

ELISA for soluble Fab reactivity. ELISA was used to assess the specificities of
individual soluble Fabs. Microtiter plates were coated with PA83 and blocked.
After incubation with periplasmic extract, Fabs were detected by using a perox-
idase-conjugated anti-hemagglutinin tag antibody (diluted 1/1,000) (Roche,
Meylan, France).

In vitro lethal toxin neutralization assay. The mouse macrophage cell line
J774A.1 was plated overnight at 14,000 cells/well in 96-well dishes. Lethal toxin
components (400 ng/ml of PA and 40 ng/ml of LF) were added simultaneously to
Fab or medium alone and incubated for 1 h at 37°C and then added to macro-
phages and incubated at 37°C for 4 h (28). A Cytotox Assay 96 kit (Promega) was
used according to the manufacturer’s instructions to evaluate the 50% inhibitory
concentrations (IC50) for Fab and to neutralize the lethal toxin (48). All assays
were performed in triplicate, and results were corrected for the background level.

To evaluate the neutralizing mechanism, PA83 (400 ng/ml) was preincubated
with J774A.1 cells for 2 h at 4°C. In parallel, LF (40 ng · ml�1) and Fab (10 times
the IC50) were coincubated at 37°C for 1 h. The two components of the assay
were then incubated together at 37°C for 4 h, and the assay was continued as
described above (29).

Quantification of soluble Fab. The purity of the Fab was assessed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and its concentration was
determined by spectrophotometry (� � 280 nm). The extinction coefficient (ε)
was calculated (11) by using the Fab sequence and Vector NTI software (Infor-
max, Frederick, MD) and was found to be equal to 81,850 M�1 cm�1.

Affinity determination using surface plasmon resonance. Affinity constants
were determined by surface plasmon resonance with a Biacore X instrument
(Uppsala, Sweden) using a method described in reference 18 and were verified
with the internal consistency tests described in reference 43.

Epitope mapping. The linearity of the epitope was evaluated by testing the
reactivity of the Fab by Western blotting, after migration of PA83 in denaturing
conditions. Pepscan analysis (Pepscan Systems, Lelystad, The Netherlands) was
carried out as described in reference 15, with overlapping 15-mer peptides
spanning domain four (between residues 595 and 735), which is involved in cell
receptor binding (37). Surface accessibility was calculated using the ASA View
program (1), available at http://netasa.org. Synthetic peptides were ordered from
NeoMPS (Strasbourg, France), and inhibition of 35PA83 binding to PA83 by
these peptides was tested as described previously (45).

Nucleic acid analysis of PA83-specific Fab clones. Sequences of the light and
heavy Fab chains from selected clones were determined by Genome Express
(Meylan, France) using the primers OMPSEQ/KPEL and RevKPEL/GBACK,
respectively (RevKPEL being the reverse complementary sequence of KPEL)
(2). The sequences were analyzed online, using the International ImMuno-
GeneTics information system (IMGT) (http://imgt.cines.fr) and compared with
the sequences of the human germ line immunoglobulin genes using IMGT/V-
QUEST and IMGT/JunctionAnalysis software (19–21, 23).

Nucleotide sequence accession numbers. The M. fascicularis 35PA83H and
35PA83L sequences (VH and VK domain sequences, respectively) are accessible
in the GenBank/EMBL data banks under the accession numbers AJ810486 and
AJ810487, respectively.

RESULTS

Library construction and isolation of Fab specific for PA83.
We monitored humoral responses after immunization with
PA83 by ELISA, using a series of dilutions of both preimmune
and immune sera. PA-specific Ab were detectable after the
first injection, and the titer increased to 100,000 after three
subsequent immunizations. Total RNA was extracted from the
bone marrow (5 ml), and the 	- and 
1-chain genes were best
amplified 35 days after the last boost. These PCR products
were purified and cloned into pComb3X DNA to yield a library
containing approximately 107 independent clones. The primate
Fab-phage library was then subjected to five rounds of enrich-
ment against PA83. The increasing number of phages eluted
after the fourth round (4 � 105 clones, a 40-fold increase
compared to the previous round) and fifth round (107 clones,
a 25-fold increase) indicated that the panning had successfully
enriched the library in antigen-specific clones. Phages from the
various panning rounds were screened for reactivity with PA83
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by ELISA, and those eluted after the fourth round gave a
signal three- to fourfold higher than the background level, thus
reacting specifically with the antigen. The library eluted after
the fifth round was expressed as soluble Fabs. We tested 50
isolated clones for their reactivity with PA83 and for in vitro
neutralization. Five Fab clones were then selected for both
their high reactivity and neutralization properties. Sequencing
showed that the five clones were identical, and Fab 35PA83 was
used for the rest of the study. Systematic sequencing of the 50
clones later showed that Fab 35PA83 represented half of them.

After expression and purification, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and Coomassie blue stain-
ing demonstrated that the heavy and light chains were equally
represented, with a purity exceeding 90%. Expression levels of
the purified Fab 35PA83 were about 150 �g per liter of culture
per optical density of 1.

In vitro neutralizing activity of the macaque Fab 35PA83.
After selection and sequencing, we assayed 35PA83 for neu-
tralization activity using serial dilutions of the purified Fab.
When preincubated with toxin, this anti-PA83 Fab has a 50%
neutralization value of 5.6 � 0.13 nM (mean � standard de-
viation) and a 80% neutralization value of 11 � 0.16 nM (Fig.

1). Similar results were obtained on numerous occasions and
were also obtained with the use of Alamar Blue, as opposed to
the Cytotox assay, to assess cell viability (data not shown).

To evaluate the mechanism of neutralization of 35PA83, we
examined whether the Fab could neutralize toxin after PA83

had bound to the receptor. Even at high concentrations (70
nM; 10 IC50), the Fab completely failed to show any neutral-
izing properties. This suggests that the 35PA83 Fab mediates
neutralization by preventing PA from interacting with the cel-
lular receptors, so that its epitope was expected to be located
in domain 4 (37).

Affinity determination. The affinity of the 35PA83 was mea-
sured by surface plasmon resonance using Biacore. Association
and dissociation kinetics were measured for binding of Fab
35PA83 to the protective antigen (Fig. 2). The kon and koff rate
constants were determined directly from the sensorgram in the
Biacore analysis, and KD was deduced. The Fab 35PA83 has an
affinity for PA83 of 3.4 nM. The low off rate (3.23 � 10�4 s�1)
may confer significant physiological advantages for toxin neu-
tralization in vivo.

Epitope mapping. The epitope was found to be linear, and
the following four sequences were selected by Pepscan analy-
sis: PLYISNPNY (P1), EVINSS (P2), RKILSG (P3), and
MLNISS (P4). P1 was selected because four overlapping pep-
tides centered on this sequence reacted with 35PA83, whereas
only one peptide centered on each of the other three se-
quences reacted with 35PA83. The peptide centered on
PLYISN (this sequence is designated P1�) reacted at least
twice as strongly with 35PA83 as with any other peptide se-
lected by the Pepscan analysis. It was seen that its fifth residue
is a serine, which was also shared by P2, P3, and P4. Taken
together, these results suggested that P2, P3, and P4 were
mimics of P1� and P1, which were regarded as the best candi-
dates. Accessible surface area was evaluated as 39% for P1
(and 39% for P1�), 43% for P2, 17% for P3, and 21% for P4;

FIG. 1. Toxin neutralization assay. The assay was performed in
triplicate as described in Materials and Methods.

FIG. 2. Analysis of the 35PA83 macaque Fab by surface plasmon resonance. Fab 35PA83 binding responses at concentrations of 1.25 �M, 625
nM, 312 nM, 125 nM, 25 nM, and 0 nM. The black lines represent a global fit for a 1:1 interaction model.
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therefore, peptides P3 and P4 were not considered the best
candidates in this respect. Two soluble peptides, representing
P1 and P2, were synthesized, and P1 was able to strongly
compete with PA83 for its binding to 35PA83 (50% inhibition at
2 � 10�5 M). P2 did not compete, nor did a peptide having an
irrelevant sequence (representing a tetanus toxin epitope),
which was used as a negative control. These data suggested
that most of the residues that react with 35PA83 are contained
within P1, which represents the fragment of PA limited by
residues 686 and 694 (PA686-694).

Computational analysis. The M. fascicularis 35H and 35L
sequences (VH and V-KAPPA domain sequences, respec-
tively) were automatically analyzed with IMGT/V-QUEST
software (12, 19), which identifies the immunoglobulin germ
line V, (D), and J genes from which a specific immunoglobulin
chain is derived, and with the IMGT/JunctionAnalysis tool (21,
35), which analyzes in detail the V-D-J and V-J junctions. For
the 35H VH domain (V-D-J-REGION), the M. fascicularis
IGHV gene clearly belongs to the IGHV4 subgroup. An initial
analysis with the IMGT/V-QUEST software showed that there
were two additional amino acids compared to the closest hu-
man IGHV genes, one in the CDR1-IMGT (at position
“31A”), the other in the CDR2-IMGT at position 59A. In
order to identify the closest human IGHV gene for the M.
fascicularis 35H sequence and to calculate the percentage of
similarity, the amino acids “31A” and “59A” were omitted in a
second analysis with the IMGT/V-QUEST tool. The V-
REGION was recognized as originating from a M. fascicularis
IGHV gene similar to the human germ line IGHV4-59*01
allele (22), with a 92% nucleotide sequence identity in the
V-REGION frameworks. The 35H J-REGION gene was rec-
ognized by the IMGT/V-QUEST tool as originating from a M.
fascicularis IGHJ gene close to the human germ line IGHJ5*01
gene (22). The D-REGION was recognized as originating from
a M. fascicularis IGHD gene similar to the human germ line
IGHD3-3*01 gene (22) with three mutations in the D-
REGION, zero in the 5� V-REGION and two in the 3� J-
REGION.

For the V-KAPPA (V-J-REGION) domain, the 35L V-
REGION was recognized as originating from a M. fascicularis
IGKV gene similar to the human germ line IGKV1-13*02 (22),
with a 92% nucleotide sequence identity in the V-REGION
frameworks. The J-REGION gene was recognized by IMGT/
V-QUEST as originating from a M. fascicularis IGKJ gene
similar to the IGKJ3*01 human germ line gene.

Only two framework (FR) positions in the 35H domain (24
and 87) and two others in the 35L domain (14 and 87) have
different chemical characteristics (see Plate 3 in reference 39)
compared to those encoded by the most similar human germ
line genes. The IMGT Collier de Perles graphical two-dimen-
sional representation (23, 41) of the Fab is shown in Fig. 3.

DISCUSSION

The recent use of B. anthracis spores as a terrorist weapon
has rekindled interest in the mechanisms of protective immu-
nity towards B. anthracis, and the partial failure of antibiotic
therapy for treatment of anthrax (5 out of 11 patients died)
(16) has highlighted the importance of developing new or com-
plementary therapeutic approaches. As anthrax pathogenicity

involves both bacterial replication and toxin production, a
combination of approaches inhibiting B. anthracis replication
(by antibiotic therapy) and neutralizing the anthrax toxin could
be of great value. The interest of neutralizing antibodies di-
rected against PA has long been demonstrated, and the pro-
tection conferred by the anthrax vaccine is mediated largely by
antibodies specific for this toxin component (24). In addition,
passive immunization with anti-PA Ab that neutralize anthrax
toxin has been shown to be an effective adjunct treatment with
antibiotics (17). Accordingly, the main goal of this work was to
select neutralizing fragments of antibodies (Fab) directed
against PA.

Although human monoclonal antibodies may represent the
best option for developing immunotherapeutics meant for hu-
man use, these reagents are not always available, as few hu-
mans are immunized against the antigen of interest. Nonhu-
man sources can also be restricted by financial considerations,
as is the case with the patented “xenomice,” in which the native
immunoglobulin genes have been replaced by some of their
human counterparts (14). In France, no anti-anthrax vaccine is
currently authorized for human use, and natural anthrax cases
are rare. We therefore had no human source for the genera-
tion of anti-anthrax antibodies, unlike other investigators (42,
48), even though anthrax toxin-neutralizing antibodies would
be particularly useful precisely because of the absence of a
vaccine. Our alternative approach has been to use phage dis-
play to select a primate antibody fragment against PA. This
approach, which has rarely been described in detail despite its
advantages (3), yielded the high-affinity (KD � 3.4 nM) and
highly neutralizing (IC50 � 5.36 nM; IC80 � 11 nM) 35PA83

Fab. The Fab 35PA83 generated here has affinity and neutral-
ization properties that are equivalent to those of a human
anti-PA Fab recently obtained by Wild et al., who noted that its
IC50 value was close to equimolar with the concentration of
PA83 used in the assay (4.8 nM) (48). These results are also
consistent with a previous study showing that the antibody-
mediated neutralization of PA correlates with affinity (31).
35PA83 will be further tested with a rat model using PA and LF
and with animal models of the disease itself.

Computer analysis with the IMGT/V-QUEST software and
the IMGT/JunctionAnalysis tool revealed that the amino acid
sequences of the 35PA83H and 35PA83L chains are quite sim-
ilar; their homologs are encoded by the most similar human
germ line sequences, at 92% for the framework regions and
80% and 84% for the entire VH and VK sequences, respec-
tively. Moreover, compared to several human sequences coded
by VH or VK germ line genes, only 2 of 74 (VH) or 75 (VK)
analyzed amino acids located in the 35PA83 framework region
differ significantly in their chemical characteristics. Only these
four differences would be retained in the primatization pro-
cess, and this high level of sequence similarity and a number of
other observations suggest that it should be possible to admin-
ister primate antibody fragments or primatized Ab directly to
humans without the need for further modification (9, 10).

Our epitope mapping suggests that 35PA83 interacts with
residues located in the segment of PA limited by residues 686
and 694 (PA686-694). This is consistent with previous data, as
PA686-694 is included in the broader region (PA671-721) previ-
ously known to comprise neutralizing epitopes (29) and is part
of the small loop (PA679-693) shown by mutagenesis techniques
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to interact with the cell receptor (46). Thus, 35PA83 may neu-
tralize PA83 by direct competition for its receptor. According
to a recent report describing a population of anti-PA mono-
clonal antibodies capable of enhancing the cellular cytotoxicity
of the anthrax toxin (33), blocking the binding of PA to its cell
receptor, such as with 35PA83, eliminates the possibility of
enhancement. 35PA83 Fab may thus be expressed as a whole
primatized IgG for therapeutic use or be pegylated to prolong
its in vivo half-life (7, 8).

The identification and analysis of 35PA83 suggests that it is
possible to obtain macaque Fabs that are equivalent to their
human counterparts in affinity, functionality, and safety. The
generation of macaque Fabs against a range of antigens may
lead to medical reagents of interest and would be especially
valuable given the difficulties and ethical problems associated
with immunizing humans against target antigens. Macaques
may also be useful for the production of antibodies against
epitopes or antigens that do not elicit a humoral response in
humans, for example, those of human origin. More generally,
nonhuman primates may be regarded as a rich source of largely
untapped therapeutic molecules that include anti-toxin/antimi-
crobial agents.
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